Abstract-Migration patterns of the northern subpopulation of the Pacific sardine (Sardinops sagax) were examined by using parasites as biological tags. This approach has been employed on marine fish species worldwide, but it had not yet been used to investigate the migratory behavior of this ecologically and commercially valuable species in the California Current. In 2005-2008, 14 taxa of parasites were recovered from 1388 Pacific sardine collected between British Columbia, Canada, and Southern California. The results of multivariate analyses indicate significant differences in parasite communities among all size classes of Pacific sardine caught off Vancouver Island, British Columbia, compared with those caught off Washington and Oregon and regions off California. Significant differences in parasite communities also were identified between size classes of Pacific sardine: <210, 210-219, and ≥220 mm in standard length. Our results support a high degree of residency in all size categories of Pacific sardine off Vancouver Island during the study period, and they indicate that individual sardine behavior is not limited to completing an annual migration between British Columbia or the Pacific Northwest and Southern California. These data indicate that using parasites as biological tags could help clarify annual migration patterns of individual Pacific sardine.
The Pacific sardine (Sardinops sagax) is an ecologically important pelagic fish in upwelling systems that transfers energy from lower trophic levels (phytoplankton and zooplankton) to upper trophic predators, including fish, marine mammals, and birds (Cury et al., 2000) . The Pacific sardine fishery is also economically important, providing for bait, aquaculture feed, and human consumption (Herrick et al., 2009 ). In the 1930s and 1940s, the Pacific sardine fishery in the California Current was the largest fishery in the Western Hemisphere (reviewed in Wolf, 1992) . The fishery collapsed and was closed off the Pacific Northwest (PNW, Oregon and Washington) in 1947 and off Central California in 1967 (Radovich, 1981 . Heavily influenced by ocean conditions, the biomass of the Pacific sardine in the California Current System (CCS) fluctuates widely. After a substantial biomass increase in the late 1980s and 1990s (Hargreaves et al., 1994; Emmett et al., 2005) , a purse seine fishery reopened in California, the PNW, and off Vancouver Island in British Columbia, Canada, followed by a formal closure in 2015.
Three subpopulations of the Pacific sardine are currently recognized in the CCS (reviewed in Smith, 2005) . One spawns in the Gulf of California, one spawns in inshore waters of southern Baja California, Mexico, and a northern subpopulation spawns primarily off Southern and Central California. For the management of Pacific sardine, the governments of both the United States and Canada assume all Pacific sardine of the northern subpopulation belong to one northerly migrating stock (Hill et al. 1 ). Pacific sardine have also spawned successfully further north in some years, indicating either a possible separate spawning population 1 Hill, K. T., P. R. Crone, E. Dorval, and B. J. Macewicz. 2015 (Emmett et al., 2005; Lo et al., 2010) . If the Pacific sardine commercially landed off British Columbia is from a portion of the northern subpopulation that does not return to California to spawn in certain years, it could have management considerations for how quotas are determined for both Canada and the United States.
The results of tagging studies conducted between 1936 and 1942, during the peak of the California fishery, indicate that Pacific sardine routinely migrated from spawning grounds off San Diego, California, to feeding grounds off the PNW and Vancouver Island (Hart, 1943; Clark and Janssen, 1945) . In recent years, without a sufficient biomass or a reduction fishery to collect tags, repeating largescale tagging studies has not been feasible. Financial costs of such studies have been prohibitive because thousands of tagged fish are needed to increase the probability of recovery of tagged individuals (Jacobsen and Hansen, 2005) .
The recent use of techniques to examine potential stock discrimination and migration patterns of the northern stock, such as genetics (Hedgecock et al., 1989; Lecomte et al., 2004) , size composition , otolith morphometrics (Javor et al., 2011; Javor, 2013) , and stable oxygen isotopic signatures (Javor and Dorval, 2014) , have had mixed results. No genetic differences have been identified between the Pacific sardine captured in any region of the CCS (Hedgecock et al., 1989; Lecomte et al., 2004) . used biomass estimates of different size classes to estimate migration of different size classes between the PNW and California in [2003] [2004] [2005] . Otolith morphometrics differentiated age-1 Pacific sardine collected from Monterey, California, from those collected off San Diego in -2007 (Javor et al., 2011 . Stable oxygen isotopic signatures of otoliths showed some north-south trends for juvenile Pacific sardine but no regional differentiation among otoliths of adult Pacific sardine (Javor and Dorval, 2014) .
One method that has successfully identified or confirmed migration patterns and stocks of marine fish species worldwide is the use of parasite species as biological tags (Thomas et al., 1996; MacKenzie and Abaunza, 1998; MacKenzie, 2002) . Many parasite taxa can serve as biological tags because a fish can become infected with a parasite only within that parasite's endemic area (where all conditions for transmission exist). The presence of a parasite in a fish host caught outside of that parasite's endemic area, therefore, indicates that the fish host had previously been in the parasite's endemic area. Parasites of fish can be acquired by direct transmission or through trophic transmission, meaning the consumption of infected prey including crustaceans and other fish. Once in a fish host, parasites can be relatively long lived, remaining in or on the host from months to years, depending on the host-parasite association (Rohde, 1984) . The technique of using parasites has limitations, such as time-consuming examination of hosts for internal parasites, a potential need for molecular techniques for correct identification, and a lack of adequate information on a parasite's ecology and biology (reviewed in Abaunza, 1998, 2014) . Despite these limitations, this technique has often been used by scientific and fisheries agencies (Pita et al., 2016) , and by 2014 more than 290 peer-reviewed manuscripts had been published on the topic (Timi and MacKenzie, 2015) .
The objective of our research was to determine if parasites infecting the northern stock of Pacific sardine could be used to identify migration patterns of the northern stock of Pacific sardine within the CCS. Our approach included comparing 1) the parasite communities of Pacific sardine collected from 5 regions along the west coast of North America and 2) the parasite communities of Pacific sardine to those of the central and northern subpopulations of non-migratory northern anchovy (Engraulis mordax), which are infected with many of the same parasite species (Love and Moser, 1983; Zorica et al., 2015) . The parasites of northern anchovy could help confirm distributions of parasites recovered from migratory Pacific sardine in the northern CCS.
Materials and methods

Fish samples
From March through November 2005 November -2008 November , 1388 Pacific sardine were opportunistically collected by research and commercial fishing personnel in the CCS, between Vancouver Island (32° to 51°N) and Southern California (119-128°W) ( Fig. 1 ). Pacific sardine from British Columbia were caught with a modified Cantrawl 2 (Cantrawl Nets Ltd., Richmond, Canada), a model 240-rope trawl (for details, see Morris et al. 3 ). All other Pacific sardine and northern anchovy (except for northern anchovy collected off Southern California with a seine net) were caught using a Nordic 264-rope trawl (for details, see Baldwin et al., 2008) . Fish collected for this study were immediately frozen onboard the vessel and later stored at −80°C in the laboratory until processed for parasites.
Pacific sardine ranged in size from 100.6 to 285.7 mm fresh standard length (SL). Of 1388 collected specimens, 562 fish were classified as non-migrants (<200 mm SL) and 826 fish were classified as migrants (≥200 mm SL) (Table 1) . Following , Pacific sardine <200 mm SL are non-migratory. Therefore, we hypothesized that parasite communities in this size category of Pacific sardine would differ among regions of the CCS. In contrast, migratorysized Pacific sardine (≥200 mm SL) would have similar parasite communities throughout the CCS, if the entire population of the northern stock was migrating annually from Southern or Central California to British Columbia and then returning to California to spawn. Although not all Pacific sardine were aged, we estimated ages to vary from 0 to 10 years, on the basis of Hill et al. (2010) and by using a relationship between age and SL (Javor 4 ). A subset of the Pacific sardine caught off California during this period was aged. The median age of this subset ranged from 2 years in 2005 and 2006 to 3 years and 4 years in 2007 and 2008 (Dorval et al., 2015) .
However, analyses did not focus on fish age because it was not possible to age all individual Pacific sardine in our study.
During 2007 and 2008, 168 northern anchovy (98.0-143.0 mm SL) were collected to serve as nonmigratory sample controls. In June-July 2007, 20 northern anchovy (104-125 mm SL) were collected off Grays Harbor, Washington (47.00°N), and 97 fish (100-143 mm SL) were captured off Willapa Bay, Washington (46.67°N). In June 2008, 51 northern anchovy (98-142 mm SL) were collected off Point Hueneme, California (34.15°N).
Each fish was thawed in the laboratory, weighed to the nearest 0.1 g, and measured (as SL in millimeters). To account for shrinkage due to freezing, lengths of thawed Pacific sardine were adjusted by using the following regression (Lo et al., 2007) :
No length regression formula was available for the northern anchovy to estimate fresh SL; therefore, SL values are reported from fish that were frozen and then thawed.
Parasite recovery
Standard necropsy procedures were followed to examine fish for parasites (Arthur and Albert, 1994; Baldwin and Goater, 2003) , with the body cavity and external surface of the viscera examined for parasites during removal of the stomach and intestine. Gills were examined only in Pacific sardine caught in 2005 because only one unknown monogenean was recovered from gills examined in 2005. Eyes were also not examined because no parasites were recovered from the eyes of Pacific sardine by us in a previous study; nor were they reported in other studies in the CCS (Love and Moser, 1983) . When possible, recovered parasites were identified morphologically to species by using dissection and compound microscopes; then they were preserved in 95% ethanol. Most parasites were identified to species, but those in poor condition were classified only to phylum or class. Because we found no difference in geographic distributions among 5 anisakid nematode taxa from a subset of these Pacific sardine in a previous study (Baldwin et al., 2011) , all anisakids (identified genetically or morphologically) were combined into one category for this study and referred to herein as Anisakis spp.
Statistical analyses
We divide the study area of the CCS into 5 regions to best define where fish were sampled: 1) Vancouver Island (hereafter, referred to as British Columbia (from 52.0°N to 48.3°N), 2) Washington and Oregon (48.3°N to 42.0°N), 3) Northern California (from the Oregon-California border at 42.0°N to 38.0°N), 4) Central California (38.0°N to 35.0°N), and 5) Southern California (south of 35.0°N to 32.0°N) ( Fig. 1) . We describe the parasite communities as defined by Bush et al. (1997) by using parasite prevalence (the percentage of infected fish) and mean intensity (the number of individual parasites per infected fish).
Because reported different migration rates (estimated percentages of the total biomass) of the northern subpopulation of Pacific sardine on the basis of size, we initially analyzed non-migrant Pacific sardine (<200 mm SL) and different size categories of potential migrants separately. Pacific sardine ≥200 mm SL (potential migrants) were split into 3 size categories: 200-209, 210-219, and ≥220 mm SL.
We used multivariate methods to explore variation in the parasite community data. Multivariate analyses of parasite communities were performed by using the multivariate statistics package PRIMER, vers. 7 (PRIMER-e Ltd., Auckland, New Zealand) (Clarke and Gorley, 2015) that includes the PERMANOVA+ module (Anderson et al., 2008) . Only infected fish were included in multivariate analyses. Sample sizes of infected Pacific sardine per size category per region are provided in Table 2 . Some individual fish harbored few parasites; therefore, parasite intensity data were averaged among 3-5 fish with the greatest similarity in length. Parasite intensity data were squareroot transformed to reduce skewness due to any dominant parasite species and to stabilize the variance (Clarke et al., 2014a) . Unidentifiable parasites (41 of the 2451 parasites recovered, <2% of the total) were not included in the multivariate analysis.
We constructed resemblance matrices based upon Bray-Curtis similarity with a dummy parasite value of 1 included to reduce the variability of some of the sparsely infected samples (Clarke et al., 2006) . We then used these matrices to construct nonmetric multidimensional scaling (MDS) ordinations on region×fish size centroids to graphically explore spatial patterns of differences among the parasite communities of fish groups (Clarke et al., 2014a) .
To quantitatively evaluate variation in parasite communities, multivariate parasite data were modeled for main effects by using a 3-way permutational multivariate analysis of variance (PERMANOVA) based on Bray-Curtis similarities (Bray and Curtis, 1957) . The PERMANOVA test applies a nonparametric discriminative method based on permutation tests that do not rely on assumptions (e.g., normality, equal variance) commonly too stringent for most ecological data sets (Anderson, 2001) . Main factors in the model include region, fish size category, and haul nested in region as a random factor. Year was included as a random factor in the initial model, but it was not a significant factor and was removed. The models were run for 9999 Table 1 General information on Pacific sardine (Sardinops sagax) classified as either non-migratory (<200 mm in standard length [SL]) or migratory (≥200 mm SL). Fish were caught by using a modified rope trawl or purse seine in 5 <200  29  40  87  79  87  322  200-209  20  55  59  7  7  148  210-219  40  72  13  11  9  145  ≥220  78  101  6  2  21  208  Total  167  268  165  99  124  823 permutations. The PERMANOVA F-ratio test statistic is based on the expectations of mean squares and is directly analogous to the construction of the Fstatistic for multifactorial univariate models but should be thought of as a pseudo Ftest statistic because it does not have a known distribution under a true null hypothesis (Anderson et al., 2008) . To estimate statistical significance between regions and between size categories, pairwise PERMANOVA tests were run. These tests included a Type II (conditional) sum of squares, with fixed effects summed to zero for mixed terms, and permutation of residuals under a reduced model. The pairwise PERMANOVA pseudo ttest statistic is a direct multivariate analogue to the univariate tstatistic (Anderson et al., 2008) . Exact permutation Pvalues are reported. Canonical analysis of principal coordinates (CAP) was used to further examine differences among parasite communities by measuring the distinctiveness of groups through cross validation (Anderson et al., 2008) . Overparameterization was prevented by choosing the number of principal coordinate analysis (PCO) axes that maximized a leave-one-out allocation success to groups (Anderson and Robinson, 2003) . The CAP analyses were based on abundance data and used a Bray-Curtis dissimilarity coefficient. A permutation "trace" (tr) test (sum of squared canonical eigenvalues) was used to test for significant differences.
We determined which parasite taxa contributed the greatest percent contributions to distinctiveness of parasite communities by using the similarity percentage (SIMPER) procedure in PRIMER and performed a shade plot analysis (Clarke et al., 2014b ) on the 7 most abundant parasite taxa to provide a visual display of the parasite taxa most responsible for differences or trends among sizes of Pacific sardine and regions of collection.
For the parasite communities of northern anchovy, for which a less complex data set was available, a one-way multivariate analysis of similarities (ANOSIM) permutation test was used to identify differences in parasite mean abundances among regions. The ANOSIM test, based on rank similarities, provides R values. An R value close to or equal to one indicates that all communities within a group are more similar to each other than to communities from different groups, and an R value approximating zero indicates that similarities within and between groups are the same (Clarke and Green, 1988) .
Results
Pacific sardine: parasite taxa recovered A total of 14 trophically transmitted parasite taxa were recovered from Pacific sardine (Table 3) . We recovered 
18.7 1.3 (1.1-1.5) 19.0 1.5 (1.3-1.7) 24.9 1.4 (1.2-1.6) 9.6 1.2 (0.9-1.5) 31.5 1. (Table 3) . The most abundant parasite (greatest prevalence and intensity) recovered from the Pacific sardine from any region was the trematode Lecithaster gibbosus. Its prevalence was highest in Pacific sardine caught off British Columbia at 48.4% infected. The highest intensity of L. gibbosus was 51 individual parasites in a single Pacific sardine caught off British Columbia. Although abundant in the north, this parasite was not recovered from any Pacific sardine caught off Central or Southern California. Another commonly recovered trematode, Myosaccium ecaude, was found at a high prevalence of 41.7% off Southern California, as well as at relatively high prevalences off Central and Northern California (29.8% and 28.8%, respectively). This trematode was also recovered in the region off Washington and Oregon and off British Columbia but at prevalences of only 8.1% and 5.0%, respectively.
Nematodes from 2 genera, Hysterothylacium sp. and Anisakis spp., were also recovered at relatively high prevalences (but low intensities) throughout the study area (Table 3) . Hysterothylacium sp. was recovered in highest prevalence (31.5%) in Southern California. Anisakis spp. were recovered in highest prevalence off British Columbia and in the region off Washington and Oregon (25.1% and 24.2%, respectively), but mean intensity was slightly higher for Anisakis spp. in Southern California.
Northern anchovy: parasite taxa recovered and distribution patterns
A total of 7 parasite taxa were recovered from the northern anchovy (Table 4 ). Parasites were recovered from 60% of the northern anchovy caught off Grays Harbor, Washington, 21% of fish caught off Willapa Bay, Washington, and 69% of fish caught off Port Hueneme, California. Mean intensities of all parasite taxa were low, ranging from 1.0 to 2.0 individual parasites per infected anchovy. Although the nematodes Anisakis spp. and Hysterothylacium sp. were recovered from northern anchovy from all 3 locations, the parasite communities were significantly different (ANOSIM: global R=0.88, P<0.01). The trematode Parahemiurus merus was also found in all locations but at higher prevalence off Southern California at 33% infected, compared with 5% and 2% in both northern groups. An unidentified trematode belonging to the Didymozoidae was recovered exclusively from northern anchovy collected off Southern California at a prevalence of 41%. In contrast, the trematode L. gibbosus was recovered exclusively, and at a high prevalence of 45%, from the most northern samples collected off Grays Harbor. Pairwise ANOSIM showed that the parasite communities from the two collections of anchovy from different locations off Washington were also significantly different (ANOSIM: R=0.75, P=0.01).
Multivariate community analyses: parasites of Pacific sardine
A nonmetric MDS ordination of parasite community data averaged by size category and region shows the differences in parasite communities of all size categories of Pacific sardine from British Columbia compared with Table 4 Prevalence (P) and mean intensity (I), with 95% confidence intervals (95% CI), of parasites recovered from northern anchovy (Engraulis mordax) caught off Washington (WA) in 2007 and Southern California (CA) in 2008. n=sample size. An asterisk (*) denotes that only 2 infected fish were collected.
Grays Harbor, WA
Willapa Bay, WA
Port Hueneme, CA those from all size categories from all other regions ( Fig. 2A ). This nonmetric MDS plot also shows the trend of the differences in parasite communities among size categories of Pacific sardine within each region, except for those from Central and Southern California. An additional nonmetric MDS ordination includes the parasite communities of the 3 northern anchovy collections with those of Pacific sardine (Fig. 2B) . Figure 2B A 2-way PERMANOVA on Pacific sardine parasite communities showed that both region (pseudo-F=4.75) and fish size category (pseudo-F=5.12) were significant factors (P<0.01) in the main effects model. There was not a significant interaction between region and fish size (pseudo-F=0.97, P=0.50). A PERMANOVA for pairwise comparison of parasite communities showed that there was no significant difference between the parasite communities of Pacific sardine <200 mm SL and 200-209 mm SL (pseudo t=1.43, P=0.11) (data not shown). Thus, these size categories were combined into one category (<210 mm SL) in further analyses. In contrast, parasite communities from the 2 larger size categories were significantly different from those of the smaller Pacific sardine and from each other (all comparisons P<0.05) (data not shown).
Pairwise regional comparisons with PER-MANOVA between the parasite communities of Pacific sardine from the 5 different regions were analyzed separately for the different size categories, following the results of the pairwise comparison on size categories described above. For Pacific sardine <210 mm SL (the combination of the 2 smallest size categories), the parasite communities collected off British Columbia were significantly different from those from all other sampled regions of the CCS (all comparisons: P<0.01) ( Table 5) . No other regional comparisons were statistically significant for this size category of Pacific sardine. For Pacific sardine 210-219 mm SL, the parasite communities of fish from British Columbia were significantly different from those collected off Washington and Oregon (pseudo-t=2.41, P<0.01) and off Northern California (pseudo-t=1.89, P=0.01). P-values for pairwise regional comparisons with PERMANOVA between Pacific sardine in this size category from British Columbia and Central and Southern California were 0.08. For Pacific sardine ≥220 mm SL, a significant difference between parasite communities was found between fish caught off British Columbia and those collected off Washington and Oregon (pseudo-t=1.71, P=0.04) ( Table 5) .
Because the pairwise PERMANOVA for regions showed no differences among our regions of California, we performed a CAP analysis with those regions condensed into one California region. The CAP analysis further supported significant differences among all regions for the Pacific sardine <210 mm SL (tr=0.63182, P=0.0001). The selected orthonormal PCO axes (m=3 axes) described 89% of the variation in the data cloud. Cross-validation results of this CAP model show the distinctiveness of the Pacific sardine <210 mm SL collected off British Columbia with correct allocation to their own group at 76.5% and of the Pacific sardine <210 mm SL collected off California with correct allocation to California at 82.2% (Table 6 ). Similar results of CAP analysis were observed with Pacific sardine 210-219 mm SL (tr=0.67626, P=0.0001) and ≥220 mm SL (tr=0.50237, P=0.0001). Correct allocations to British Columbia were 80% and 70% for these 2 size categories of large Pacific sardine when the m=3 and m=4 orthonormal PCO axes, respectively, were used. The correct allocation of Pacific sardine ≥220 mm SL back to California was also high at 80%. Correct allocations to Washington and Oregon were fewer, with assignments also going to both British Columbia and California, but were greater than the 33.3% that would be expected from chance alone, except for fish ≥220 mm SL ( Table 6 ).
Regional differences in abundance of specific parasites observed among Pacific sardine played a differential role in defining regional parasite communities. For example, 3 trematode species, L. gibossus, Pronoprymna petrowi, and Parahemiurus merus, were more abundant in samples from British Columbia than in those from other regions (see shade differences presented in Figure 3 ). In contrast, another trematode, M. ecaude, had high abundance in Pacific sardine from California regions. Abundance of Anisakis spp. increased in concert with increasing size of Pacific sardine from all regions, but especially among large sardines collected off Central and Southern California.
In all size categories of Pacific sardine caught off British Columbia, the trematode L. gibossus provided the highest percent contribution to the parasite communities, from 71.5% in the Pacific sardine <210 mm SL to Table 5 Results of pairwise comparisons with permutational multivariate analysis of variance (PERMANOVA) between parasite communities of Pacific sardine (Sardinops sagax) caught from 2005 through 2008 in 5 regions of the California Current System and analyzed separately by size category: <210 mm standard length (SL), 210-219 mm SL, and ≥220 mm SL. The regions are British Columbia (1), Washington and Oregon (2), Northern California (3), Central California (4), and Southern California (5). The pairwise PERMANOVA pseudo-t test statistic is a direct multivariate analogue to the univariate t-statistic. This value is provided with a permutation P-value.
<210 mm SL 210-219 mm SL ≥220 mm SL The parasite communities from small (<210 mm SL) Pacific sardine from Washington and Oregon and northern anchovy collected off Willapa Bay were also dominated by Hysterothylacium sp. (44.5% and 62.6% contribution, respectively). In contrast, the small Pacific sardine collected off all regions of California were dominated by M. ecaude. The one exception was that Pacific sardine <210 mm SL from Southern California were dominated by another trematode, P. merus (63.2% contribution). The high abundance of P. merus in this size category made them cluster with the northern anchovy from Southern California, where P. merus had a 31.2% contribution to the parasite community.
Discussion
Regional comparisons
The paradigm that when the northern stock of Pacific sardine is large and ocean conditions are favorable all Pacific sardine >200 mm SL, or some other length, migrate to northern waters and then all return to Central and Southern California seasonally each year to spawn may no longer be supported. We found that Pacific sardine were not uniformly infected with the same trophically transmitted parasite communities throughout the CCS, indicating that not all Pacific sardine of the northern subpopulation made the complete round-trip migration during the years studied. The parasite communities of all size categories of Pacific sardine collected off British Columbia were more similar to each other than to all sizes collected from any other region. The correct allocation in the CAP analysis of 70-80% of these parasite communities to British Columbia indicates that, during the years studied, a large proportion of Pacific sardine in British Columbia remained as residents, not returning to Central or Southern California to spawn. Differences among parasite communities from the region off Washington and Oregon and the 3 regions in California were not statistically significant, although a north-south trend was apparent in the nonmetric MDS plot ( Fig. 2A) .
Several taxa of parasites contributed to differences in the parasite communities among regions and size categories of Pacific sardine. Among these, the trematode L. gibbosus was recovered primarily off British Columbia from all sizes of Pacific sardine and not from any sardines examined from Central and Southern California. In contrast, the trematode M. ecaude was recovered in greatest abundances in small Pacific sardine from California regions and only from 5% of Pacific sardine collected in British Columbia. The parasite communities recovered from California regions also had higher abundances of the nematode Hysterothylacium sp. than those collected off British Columbia. Distinct distributional patterns of these parasites indicate that not all Pacific sardine of the northern stock make an annual roundtrip migration connecting the terminal regions of their habitat.
Regional differences in the parasite communities of Pacific sardine are supported by observed regional differences among parasite communities of northern anchovy. This other small, pelagic species generally harbors parasite species known to infect the Pacific sardine (Love and Moser, 1983) , and, as a non-migratory species (Bakun, 1996) , northern anchovy should host parasite species present in a local geographical area. We found a significant difference among the parasite communities of all 3 northern anchovy collections, a finding that agrees with the distributions of parasites recovered from Pacific sardine. The parasite community of northern anchovy collected from Grays Harbor had high similarity to those of Pacific sardine from British Columbia and supported a restricted northern distribution of L. gibbosus in the CCS. The northern anchovy from Southern California (part of the central subpopulation of northern anchovy) had a higher prevalence of Hysterothylacium sp., similar to the Pacific sardine collected there.
Parasites as biological tags
Parasite life span and life history are important considerations for selecting parasite taxa as biological tags Abaunza, 1998, 2014) . The parasite communities of Pacific sardine in this study included both long-lived nematodes and shorter-lived trematodes. The maximum life span of the trematode L. gibbosus was reported to be 1-9 months in pink (Oncorhynchus gorbuscha) and chum (O. keta) salmon captured off central British Columbia (Margolis and Boyce, 1969). We recovered both mature and immature L. gibbosus in Pacific sardine off British Columbia from March through November, but we recovered none off Southern California, not even among April samples that were thought to include returns from British Columbia. The complete absence of L. gibbosus in our samples of large Pacific sardine caught off Southern California could be interpreted 3 ways: 1) our samples from Southern California were not representative of the Pacific sardine in the region at the time, 2) Pacific sardine did not return from British Columbia to Southern California, or 3) the life span of L. gibbosus is too short to be recovered after a return migration south. However, given that some of the L. gibbosus specimens recovered off British Columbia in November were still immature, their life span would have to be less than 5-6 months if this was the only reason for their absence from Pacific sardine caught in Southern California the following April.
The other trematode that contributed to differences in parasite communities among regions was M. ecaude. Unfortunately, little information is available on the distribution and life history of this species in the CCS. However, we have confidence that this trematode and L. gibbosus have sufficiently long life spans to evaluate seasonal movements of their fish hosts. In the CCS, M. ecaude has been previously reported from Pacific sardine caught off Baja California, Mexico (Sánchez-Serrano and Cáceres-Martínez, 2017), off Southern California (Montgomery, 1957; Kunnenkeri, 1962) , and off southern Oregon . These reports and our observations of the high abundance of this parasite in small Pacific sardine in Central and Southern California compared to other regions and size classes of Pacific sardine suggest that the southern region of the CCS is likely the primary region of parasite transmission. However, the recovery of M. ecaude from a small percentage of Pacific sardine <200 mm SL caught off British Columbia (9%) and off Washington and Oregon (10%) indicates that either transmission of the parasite occurs on a small scale in northern regions of the CCS or a very small number of Pacific sardine <200 mm SL made the migration north. Moreover, the recovery of only 7 Pacific sardine infected with both L. gibbosus and M. ecaude and of only 3 Pacific sardine ≥200 mm SL in Northern California infected with L. gibbosus indicates that a complete migration to and from British Columbia, or even Washington and Oregon, for all migratorysize Pacific sardine did not occur during the years of our study.
Other parasites recovered from Pacific sardine that contributed to differences among regions include the nematodes and the acanthocephalan that are both longlived taxa. For example, Anisakis nematodes, which mature in cetaceans, accumulate as long-lived larvae in fish intermediate hosts and have been successfully used as biological tags for many fish populations (MacKenzie, 2002; Mattiucci et al., 2008; Mattiucci and Nascetti, 2008) . In our study, there was also a greater abundance of Anisakis spp. in large Pacific sardine recovered off Central and Southern California, possibly because of a greater abundance of the definitive whale hosts in these regions of the CCS (Calambokidis and Barlow, 2004) . Genetic identification of larval anisakids from a subset of Pacific sardine used in our study revealed a panmictic distribution of 3 populations of Anisakis spp., but these populations could not help inform stock structure or migration behavior of Pacific sardine in the CCS (Baldwin et al., 2011) . The acanthocephalan Rhadinorhynchus trachuri, also longer-lived than the trematodes, is known to be a parasite of offshore fish species (George-Nascimento, 2000; Jacobson et al., 2012) . Although less commonly recovered than the nematodes, it was recovered more often from the large Pacific sardine caught south of British Columbia. Its low abundance in large Pacific sardine from British Columbia indicates that fewer of these fish had been offshore compared with those from other regions, another line of evidence for residency in waters of British Columbia.
The spatial distributions of parasites in marine fish species have often reflected large geographical patterns such as latitudinal gradients (Blaylock et al., 1998; González and Poulin, 2005; González et al., 2006) . A combination of environmental gradients and dispersal limitation of hosts and different developmental stages of parasites contribute to the latitudinal distribution of marine parasites (Oliva and González, 2005; González et al., 2006; González et al., 2008; Timi et al., 2010) . For Pacific halibut (Hippoglossus stenolepis), a general north-south cline of parasite species distributions has been described from the Aleutian Islands, Alaska, to Northern California (Blaylock et al., 1998) . Separate stocks of Pacific halibut, with some overlapping migration patterns, were confirmed by using their parasite communities, but one continuous stock was identified south of the Queen Charlotte Islands of British Columbia (Blaylock et al., 2003) . Similarly, in our study, the distributional patterns of parasites showed high residency in British Columbia and an overlapping migration pattern for Pacific sardine south of British Columbia with a potential latitudinal gradient ( Fig. 2A) .
In the eyes of fish collected off South Africa, where this species is known as the South African sardine, Weston et al. (2015) found a significant difference in the abundance of a "tetracotyle" type larval trematode, tentatively identified as Cardiocephaloides sp. (Reed et al., 2012) , and that difference supports the existence of a putative western and a putative southern stock with some degree of mixing. After 6 years of continuous data on the prevalence of this larval trematode from the west and south coasts of South Africa, de Moor et al. (2017) fit a sardine stock assessment model directly to parasite prevalence-by-length data and found that this inclusion of parasitological data improved estimates of annual movement and mixing between these semi-discrete stocks.
Migration north
Following the early tagging studies (Clark and Janssen, 1945) , it has been assumed that Pacific sardine ≥200 mm SL, which are capable of migrating , migrate north from Southern California in the spring when ocean conditions in the north are favorable. We found no significant differences between the parasite communities of Pacific sardine <200 mm SL and those of Pacific sardine 200-209 mm SL, indicating that there is not a clear cut off at 200 mm SL at which a Pacific sardine will migrate. A recent paper by McDaniel et al. (2016) that included size and age data for Pacific sardine from British Columbia, Oregon and Washington, and Central and Southern California during 1981-2010 described a pattern of increasing age at length with distance from Southern California. They concluded that their results provide evidence that the migration of the northern subpopulation of the Pacific sardine to the northern reaches of their range in summer is age based, instead of length based.
Sardine biomass and length data from surveys that combined data from acoustic and trawl sampling and were conducted in the spring and summer of 2008 indicate that most, if not the entire, northern stock of Pacific sardine migrated from offshore waters of Southern California to inshore waters of the PNW and British Columbia (Demer et al., 2012) . Unfortunately, we did not collect Pacific sardine from British Columbia in 2008, but our results from other years do not support the conclusion that the entire stock migrates that far north. Although our parasite community analysis was suggestive of a statistically significant difference only between the Washington and Oregon region and the Central California region for Pacific sardine <210 mm SL (pairwise PERMANOVA: P=0.06), the greater abundance of M. ecaude in Pacific sardine <210 mm SL in all California regions compared with that of the Pacific sardines from Washington and Oregon (Fig. 3) indicates that a proportion of Pacific sardine up to 210 mm SL may remain as residents in their natal regions. In addition, our samples of Pacific sardine ≥220 mm SL caught off Central and Southern California in the spring had a greater abundance of the long-lived nematodes Hysterothylacium sp. and Anisakis spp. than those caught off Washington and Oregon and British Columbia in summer and fall. If the entire biomass of large Pacific sardine were migrating north, we would have expected to see the same abundance of these long-lived parasites throughout the CCS.
Return migration south
Lo et al. (2011) estimated different length-specific migration rates in 2003-2005 between the PNW and California and estimated that close to 50% of Pacific sardine 200-210 mm SL and close to 100% of Pacific sardine ≥220 mm SL migrated back to California in the fall and winter of 2003 and 2004. Similar to our conclusions, they questioned whether fish <200 mm SL remained as residents in the PNW because they had only weak evidence that some of these small fish returned to California. They concluded that not all Pacific sardine migrate and that some stay in the PNW and California (their study did not include British Columbia). Our results indicate that a high proportion of Pacific sardine of all size classes remained in waters of Canada during the period of our study and that waters off Washington and Oregon could be an area of mixing between regions for large Pacific sardine but could also support local recruitment.
In the McDaniel et al. (2016) study, Pacific sardine from British Columbia and from Oregon and Washington collected from July through December were older than those from Central and Southern California. They did not have data from January through March, and age and length data from April through June were presented only for California catches, but the ages of the largest and oldest Pacific sardine from California at all seasons were still younger than those from Oregon and Washington and from British Columbia. Although they state that their work assumed a single migrating population and that subpopulation structure could compromise their results of an age-based migration, they do not account for the difference in maximum ages between locations except for the unlikelihood of gear selectivity or different aging techniques. Our results indicate not only that they could indeed have documented age-based migration but also that their results could additionally reveal residency of fish in northern regions of the CCS, in contrast to the notion of a single migrating population. Similarly, Dorval et al. (2015) reported a reduction in the size distribution of Pacific sardine caught off California during 2005-2010 compared with that in 1996-2004. The larger size classes (250 and 260 mm SL) present in the survey conducted in spring 2004 off California were not recorded again during the 2005-2010 survey (Dorval et al., 2015) . They speculated that Pacific sardine >250 mm SL that did not return after a northern migration either remained in the north or were removed by fishing. These observations are not the first to suggest overwintering of Pacific sardine in northern regions of the CCS, as spawning had previously been reported in 1998 and 2004 in waters of Canada (McFarlane et al., 2005) and during and 2003 in the PNW (Bentley et al., 1996 Emmett et al., 2004) .
Management implications
Migration rates (the percentages of the population moving into other regions) are an important factor for managing transboundary fish stocks like the northern stock of Pacific sardine. Schweigert et al. 5 estimated annual migration rates to British Columbia on the basis of differences in biomass of Pacific sardine caught during surveys conducted off the west coast of Vancouver Island and the total biomass estimate for the coast-wide population as presented by Hill et al. 6 The examination of allozymes among Pacific sardine from regions of Mexico and California (Hedgecock et al., 1989) and of mitochondrial DNA throughout the CCS (Lecomte et al., 2004) and among Mexican regions (García-Rodríguez et al., 2011) provides evidence for no genetic stock structure in the CCS. However, although Lecomte et al. (2004) state that their mitochondrial DNA data support a basin modal for the Pacific sardine in which a species distribution contracts to a central optimal range during population crashes, they also state that on shorter time scales local recruitment may dominate. At this time, our parasite data from Pacific sardine cannot provide quantitative information on migration rates, nor do they indicate distinct stock structure, but they do elucidate patterns of migration, residency, and periodic local recruitment and indicate that a greater variability in annual migratory behavior of Pacific sardine should be considered. A holistic inclusion of multidisciplinary approaches and techniques (as reviewed in Baldwin et al., 2012; Catalano et al., 2014; Pita et al., 2016) that advances our understanding of economically and ecologically important species should improve management of Pacific sardine, even in the absence of genetically distinct stock isolation. Examination of multiple biological metrics of Pacific sardine with testing of habitat prediction models should help elucidate migration patterns and improve estimates of migration. A new perspective of greater interannual and seasonal variability in behavior of Pacific sardine will also likely benefit future research efforts and fisheries management.
